Purpose To identify and describe the morphometry and CT features of the articular and extra-articular portions of the sacroiliac region. The resulting knowledge might help to avoid complications in sacroiliac joint (SIJ) fusion. Methods We analyzed 102 dry hemi-sacra, 80 ilia, and 10 intact pelves and assessed the pelvic computerized tomography (CT) scans of 90 patients, who underwent the examination for conditions not involving the pelvis. We assessed both the posterior aspect of sacrum with regard to the depressions located externally to the lateral sacral crest at the level of the proximal three sacral vertebrae and the posteroinferior aspect of ilium. Coronal and axial CT scans of the SIJ of patients were obtained and the joint space was measured. Results On each side, the sacrum exhibits three bone depressions, not described in anatomic textbooks or studies, facing the medial aspect of the posteroinferior ilium, not yet described in detail. Both structures are extra-articular portions situated posteriorly to the SIJ. Coronal CT scans of patients showing the first three sacral foramens and the interval between sacrum and ilium as a continuous space display only the S1 and S3 portions of SIJ, the intermediate portion being extra-articular. The S2 portion is visible on the most anterior coronal scan. Axial scans show articular and extra-articular portions and features improperly described as anatomic variations. Conclusions Extra-articular portions of the sacroiliac region, not yet described exhaustively, have often been confused with SIJ. Coronal CT scans through the middle part of sacrum, the most used to evaluate degenerative and inflammatory conditions of SIJ, show articular and extraarticular portions of the region.
Introduction
Sacroiliac joint (SIJ) consists of an articular surface present on the lateral aspect of the sacrum and a similar surface on the ilium. These articular portions, which are encircled by a synovial membrane, have a peculiar shape that was compared to an auricle or a crescent [27] . The auricular surface of the sacrum is slightly concave to fit the convexity of homonym surface of the ilium. The latter is surmounted dorsally by the posteroinferior part of the iliac bone.
The sacroiliac region has been the subject of few anatomical studies [14, 15, 20] , whereas numerous CT investigations on SIJ were carried out on normal anatomy [29] , age-related degenerative changes [4, 7, 8, 12, 25, 28, 32] , anatomical variations [4, 6, 19] in asymptomatic subjects, and inflammatory changes in rheumatic conditions [1, 2, 5, 11, 13] . None of these studies specifically dealt with the extra-articular components of the sacroiliac region. Wheelan and Gold [29] provided a detailed depiction of SIJ in a study on normal CT anatomy of the sacrum, but they focused strictly on the sacral canal and nerve-root foramens, with no mention to SIJ or extra-articular component of the sacroiliac region. Lawson et al. [14] , in a study on cadavers and CT scanning of patients with rheumatic sacroiliitis, perceived that the articular portion has different features compared to the extra-articular one. Nonetheless, they made no clear-cut distinction between the two portions in evaluating the pathological changes, which were mostly assessed on coronal CT images.
In performing a CT study on age-related changes of SIJ in asymptomatic subjects, we realized that the coronal scans displaying the joint as a continuous space extending from first to third sacral vertebra, on which many CT studies have assessed the SIJ, include articular and extraarticular components of the sacroiliac region. This perception and the paucity of information on bony anatomy of that region led us to carry out a study on human adult dry sacra, ilia and pelves, to better interpret the findings of the CT study. Our main aim was to provide a correct and exhaustive description of both the bony anatomy and the imaging features of the normal sacroiliac structures. A further purpose was to provide knowledge that might help to decrease the risk of complications when performing SIJ fusion with implants placed across the joint.
Materials and methods

Anatomical study
We examined 51 sacra with particular attention to their posterolateral aspect, that exhibits, on both sides, bone depressions that were not described, to the best of our knowledge, in textbooks of anatomy [10, 24, 27] or studies on anatomy of the sacrum [3, 15, 29, 30] . A total of 102 hemisacra could thus be assessed. We measured the height and width (area), depth and anteversion of the depressions. Linear measurements were performed with a horizontal Vernier caliper. Depth was measured using a tipped vertical caliper and anteversion with a compass goniometer. Three types of depressions were identified: oval (Type I), when one dimension (height or width) was greater than the other of at least 5 mm; rectangular (Type II), if the difference between the two dimensions was 2-4 mm; square (Type III), when the two dimensions differed by a maximum of 1 mm. Attention was also paid to the shape and position of the auricular surface with respect to the central part of the sacrum.
Ten intact pelves (iliac bone and sacrum) were examined in the region in which the ilium articulates with the sacrum. Six pelves underwent CT scanning with the same modalities used for patients' examination. In the remaining four, a metallic landmark, consisting of a 3-mm thick copper wire, was introduced in the extra-articular part of the sacroiliac region between ilium and sacrum and CT scanning was performed with the landmark in place. Subsequently, both iliac bones were disconnected from the sacrum to examine the medial aspect of the posteroinferior portion of the 20 ilia. At the end of procedures, the bones were re-connected to the sacrum. Furthermore, 30 right and 30 left isolated iliac bones were evaluated, so that in total 80 ilia were assessed. The bones were obtained from the Institute of Anatomy of ''Sapienza'' University and the section of Anatomy of ''Foro Italico'' University, of Rome, Italy; they were obtained from Caucasoid skeletons.
Two examiners, unaware of the design of the study, performed all measurements twice at a distance of 2 weeks. A mean of the values found by each examiner in the two sets of measurement was made. The final figures were the average of the means of the two examiners.
CT study of patients
The cohort of patients prospectively evaluated consisted of 90 subjects (49 females and 41 males) aged on average 58 years (range 19-82), who underwent CT scanning for diseases not involving the pelvis. Patients with a history of rheumatic conditions, chronic back pain, fractures in the pelvic girdle or a history of previous spine or pelvic girdle surgery were not included in the study. All patients gave their informed consent prior to inclusion in the study. For this type of study, the approval of our IRB is not required.
CT scanning was carried out with a Philips Mx8000 IDT16 apparatus, using volumetric acquisition for abdomen and pelvis (collimation 16 9 1.5, 3-mm slice thickness, increment 3 mm, pitch 1.2, rot time 0.5 s, voltage 120 kV, mAs/slice 190). Raw data were reconstructed in coronal and axial planes: fov 20 cm, contiguous slices 3-mm thick, oriented parallel to major axis of the sacrum for coronal scans and orthogonally to its longitudinal axis for axial scans. For each patient, twenty coronal slices and thirty axial sections were obtained.
Two radiologists assessed, and made measurements on, CT images in consensus. To evaluate the SIJ levels (S1, S2, S3) on axial sections, the synchondroses between each of the upper three sacral vertebral bodies were identified on coronal slices as horizontal lines of bone sclerosis. When the synchondroses were not visible, vertebral bodies were identified based on the site of synchondroses on dry sacra. A horizontal line was traced on the coronal image along the lower part of the first sacral foramens to distinguish the S1 from S2 vertebra, the latter ending at the middle, or lower part, of the second sacral foramens. The S3 vertebral body was identified as that located between the second horizontal line and the lower third of the third sacral foramens.
For each vertebra coronal and axial sections were assessed, starting from the anterior to posterior part of the sacrum for coronal images and from the first sacral vertebra downward for axial sections. Measurements were performed using a computer measurement system.
In our cohort of patients, we found all the alterations described in previous studies, such as bone sclerosis, erosions, or subchondral cysts, and their rates were similar to those already reported. Therefore, here we report only the data on the joint space width (JSW), a size below 2 mm being considered the most typical sign of joint degeneration [14] . CT measurements were made at S1, S2 and S3 level on both coronal and axial images. For coronal S1 and S3 levels, measurements were performed on the first coronal scan including the first three sacral foramens and, for the S2 joint space, on the coronal scan tangent to the anterior border of the sacral ala, in which this portion is visible. On each scan, the largest and narrowest joint area were measured and the figures obtained were averaged.
Four groups of patients were identified: Group A (19-35 years), B (36-50), C (51-65) and D (66-81).
Statistical analysis
The Lilliefors (Kolmogorov-Smirnov) normality test was performed for the assessed variables. All showed a normal distribution, Mean and standard deviation (SD) were computed for all measurement sets. Paired T-tests were performed to assess differences between means of right and left side of dry sacra. The level of significance was set at 0.05. SPSS for Windows (version 17.0, SPSS, Chicago, IL) was used for statistical analysis.
Results
Anatomy of sacrum
The bone depressions on the posterior aspect of sacrum correspond to the spaces between two contiguous transverse processes in the lumbar spine. They are located laterally to the lateral sacral crest and posteriorly to the auricular surface of the sacrum (Fig. 1a) . The cranial depression, the largest one, is situated along the entire S1 vertebra and proximal half, or entire, first sacral foramen. The middle depression is located at the level of the S2 vertebra and almost consistently of proximal part of the second sacral foramen. The caudal depression, the smallest one, is often vestigial or absent. When present, it is located between the second and third sacral foramen. The cranial and middle depressions are consistently separated by a bone prominence of varying width and height, whereas the bone crest between the middle and caudal depression is usually thin and often incomplete or absent (Fig. 1a) .
The depressions exhibited variable width and height (area), depth and anteversion in different sacra or on the two sides of a single bone. Nevertheless, the mean area, depth and anteversion did not change significantly between right and left side of a single site (Table 1) . Conversely, significant differences were found between sites. When Fig. 1 a Depressions of the posterior aspect of the sacrum (asterisks) located externally to the lateral sacral crest (arrowheads); the arrows indicate the bone prominences separating the three sacral depressions. b The auricular surface of the sacrum (thin arrows), showing a crescent like shape, has the central, most prominent, part of the anterior border (black arrow) located in line with the anterior border of the sacral ala (SA). This part faces the S2 vertebral body and is far apart from the central part of the sacrum; the white arrows point to one of the sacral foramens of the two sides comparing the mean area or depth of both sides taken together, the values of the cranial depression were significantly greater than those of middle (p = 0.009 and 0.005, respectively) or caudal depression (p = 0.001 and 0.001) and those of the middle greater than those of caudal one (p = 0.001 and 0.002). A significant difference was found for anteversion between cranial and caudal depressions (p = 0.009). Type I depression prevailed in cranial, Type II in middle and Type III in caudal site (Table 1) .
In 58 % of sacra, the auricular surface had a crescentlike shape, consisting of a proximal portion directed from back to front and a caudal portion of approximately the same size exhibiting an opposite direction (Fig. 1b) . In 42 %, the auricular surface showed a L-shape because, below a cranial crescent-like part, the joint continued distally in a vertical direction to reach the lowermost part of S2, or the uppermost portion of S3, vertebra.
Regardless of the shape, the center of the crescent-like part, representing the most medial border of the articular plane, is prominent ventrally and tangent to the anterior border of the sacral ala. This portion, corresponding to the upper and/or middle part of the S2 vertebra, is thus situated at a distance from the central region of sacrum, which is located between the sacral foramens of the two sides (Fig. 1b) .
Anatomy of ilium
The medial aspect of the posteroinferior part of the ilium displays, approximately 2 cm below the posterior iliac spine, a small bone prominence (Fig. 2a) , which articulates with the most cranial and lateral part of the sacral ala. Distally to it, a narrow, smooth depression is visible, the inferior border of which represents the limit of the iliac auricular surface. Proximally to that depression there is a large bone prominence so-called ''iliac tuberosity'', which is roundish or slightly rectangular in shape, with the central, most prominent, part facing the center of the iliac auricular surface (Fig. 2a) . Cranially, the prominence abuts on a large area of wrinkly bone that ascends to reach the iliac crest.
When the ilium is re-connected to sacrum, the most prominent part of the iliac tuberosity is in close contact with the bone prominence separating the cranial and middle sacral depressions. As a result, a space of variable size is present between iliac bone and each of those depressions (Fig. 2b) . The spaces are occupied in vivo by posterior sacroiliac ligaments.
The height and width of the large iliac prominences were measured at their central point in the 80 ilia. For the height, the mean (±SD) of the measurements of the two examiners was 1.51 cm (±0.23) on the right side and 1.60 cm (±0.21) on the left side, the difference being significant (p = 0.001). The mean width was 2.04 cm (±0.45) on the right and 2.05 cm (±0.47) on the left, with no significant difference between the two sides. The intraand inter-examiner reliability were 0.92 (95 % CI 0.85-0.96) and 0.90 (95 % CI 0.89-0.93), respectively.
CT scanning of pelves with landmark All structures described above are located posteriorly to SIJ, contiguous to, but independent from, it. This was confirmed by the position of the copper wire introduced into the lowermost part of the cranial space between ilium and sacrum and pushed distally (Fig. 3a) . The axial CT scan obtained with the landmark on site showed that the wire was outside the SIJ, posteriorly to the S1 portion of the joint (Fig. 3b) . The total number of caudal depressions assessed was 87 since the depression could not be identified on both sides in seven sacra and on the left side in one sacrum SD standard deviation, Cra cranial, Mid middle, Cau caudal, Rt right side, Lt left side
CT scanning of patients
The first coronal scan through the middle sacrum in which the upper three sacral foramens are visible and the interval between sacrum and ilium appears as a continuous space displays only the S1 and S3 portions of the SIJ (Fig. 4) .
The intermediate portion is an extra-articular part consisting of ilium with a flat, convex or concave medial outline. The S2 portion of SIJ can be visualized in the most anterior coronal scan, tangent to the anterior border of the sacral ala (Fig. 5) . Axial sections through the first sacral vertebra show the S1 portion of SIJ (Fig. 6a) , similarly to those through the upper part of the first sacral foramen (Fig. 6b) . At both sites, the posterior parts of the sections show extra-articular portions consisting of iliac bone. Axial scans through the second sacral vertebra exhibit, anteriorly, the S2 portion of SIJ (Fig. 5b) and, posterolaterally, portions of ilium with variable features. The lowermost part of SIJ, located at the level of the lower S2, or uppermost S3, vertebra is a flat articular portion (Fig. 7) . Its size is variable, but usually small. A few patients exhibit the bone ''variations'' of the SIJ described in two studies [4, 19] . The so-called ''iliosacral complex'' is mostly found on axial scans through the S1 foramen as a marked prominence of the ilium towards a concavity of the lateral sacrum, i.e. clearly outside the SIJ (Fig. 8a) . The ''semicircular defect'', usually visible at S2 level, consists of an indentation of the ilium facing a mild depression of the sacrum (Fig. 8b) .
Measurement of JSW showed that in all age groups, including Group A, there were subjects with JSW \ 2 mm, i.e., narrowing of articular space, at one or more sites on coronal and/or axial scans. However, with increasing age, the sites with normal JSW decreased and those with JSN increased (Table 2) . In Group A, the mean JSW was C2 mm on all eight (four on right and four on left side) S1 and S2 coronal or axial scans. In Group B, the mean JSW was normal in six of the eight sites, whereas in Group C only the mean values of S1 coronal scans were normal. In Group D, the left S1 coronal scans had a normal mean width, whereas the others showed JSN. The S3 SIJ was consistently narrow in all groups. In 27 % of subjects the SIJ was fused, not measurable or apparently absent, mostly at S3 level.
Discussion
Studies on the sacroiliac region have paid little attention to the extra-articular components that, instead, we found to be important for both strictly anatomical reasons and the interpretation of CT or MRI images of the sacroiliac region. The components which we refer to are the depressions situated on both sides of the posterior aspect of the sacrum and the extra-articular portion of the posteroinferior ilium that is in contact with those depressions to form extra-articular cavities in which the posterior sacroiliac ligaments insert. We found that both the sacral and iliac components have different morphometric features, even on the two sides of the same subject. Nevertheless, they adapt to each other to form the bony complex that allows the ilium to be connected to sacrum and the auricular surfaces to match each other. The mechanical function of the SIJ is to allow the movements between the auricular surfaces of the sacrum and ilium, that have been named nutation (forward nodding) and counternutation (backward nodding), to be accomplished. A further function, however questioned [33] , is a direct weight transfer from the axial to appendicular skeleton. This role is mainly played by the iliac tuberosity and the proximal bone prominence of sacrum which in vivo are in close contact with each other. This interpretation is consistent with the results of a study on the growth of human ilium showing that the extra-articular portion is considerably larger than the articular surface, a disparity that might be a response to the load placed on the extra-articular portion by the posterior sacroiliac ligaments [33] .
Many CT studies [1, 2, 8, 11, 13, 14, 25, 28] show coronal images including the upper three sacral foramens as typical scans displaying the entire SIJ. We found these images to be misleading because they do not allow all articular portions to be visualized. They show the S1 and S3 parts of the SIJ, but not the S2 portion. On the coronal plane, the S2 portion is visible on the most ventral coronal scans due to the peculiar position and orientation of the SIJ. Its central part, in fact, is convex anteriorly and situated in a plane tangent to the anterior margin of the sacral ala, ventrally to the anterior, concave aspect of the middle part of the sacrum. This finding is important for correct assessment of the anatomy of both normal SIJ and that of patients with degenerative or inflammatory conditions. In CT studies analyzing the age-related changes of SIJ in asymptomatic subjects, measurements of JSW along the interval between sacrum and ilium on coronal scans showing the upper three sacral foramens [8, 25, 28 ] may be erroneous, since these scans include articular and extraarticular components. The region between S1 and S3 portions of the joint, in fact, consists only of extra-articular ilium. Similarly, in CT studies of SIJ in rheumatic diseases, mostly based on coronal images, marginal erosions and bone sclerosis of the extra-articular portion, as well as JSN, may be mistaken for pathologic joint changes, as occurred in several studies [1, 2, 11, 13, 14] , if the two parts are not clearly identified. Analogous considerations apply to MRI, widely used to assess conditions of rheumatic sacroiliitis, which are mostly evaluated on coronal scans showing the most cranial or all sacral foramens [9, 11, 17, 18, 26] . In MRI studies of inflammatory conditions, i.e. synovitis, the articular and extra-articular portions of the sacroiliac region have been termed anterior and posterior part of the SIJ, respectively [17, 18] . Thus, the term synovitis is used for areas with and without synovial tissue. This can generate confusion with other conditions, such as infections or tumors, which may display similar MRI features, but different locations in the sacroiliac region [11] .
Almost none of previous CT studies in which the JSW was measured reported the levels where measurements were performed and whether they were made on both coronal and axial scans. In those studies, JSN was found in all age groups with figures ranging from 74 % [4] to 87 % [25] . In our cohort, measurements were performed at S1 to S3 levels and on coronal and axial scans in each subject. We found that until the age of 50 years few patients had JSN at S1 or S2 levels. Subsequently, the mean values of JSW were lower than in previous ages and more subjects had JSN, but even in the oldest patients, there were normal areas. These findings suggest that JSW is variable in different individuals due to both constitutional characteristics and degenerative changes, i.e. the JSW results from the original individual width and cartilage changes due to aging. Conversely, the joint space at S3 level was narrow at all ages and, in oldest patients, it was often fused or not identifiable, a finding that is consistent with our anatomical study showing that in a part of the sacra the caudal depression could not be identified.
Two variations of the SIJ described by Prassopoulos et al. [19] and Demir et al. [4] appear, indeed, peculiar features of the extra-articular portion of the sacroiliac region. The ''iliosacral complex'' is found behind the lower part of the S1 portion of the SIJ where the cranial, usually largest, sacral depression is located. It is seemingly due to the prominence of the ilium in front of that depression. The ''semicircular defect'', mostly found at S2 level, is probably due to mild depression of the ilium in front of the middle sacral depression.
In recent years, patients with chronic SIJ pain often undergo joint fusion, mostly by percutaneous placement of triangle-shaped titanium implants or threaded screws across the SIJ, the operation being performed using fluoroscopy or navigation systems. A drawback of the procedure is the postoperative development of radiolucencsies around the implant or clear nonunion of the device [22, 31] , that may occur when it is partly located in a non-osseous space between sacrum and ilium, for example in a semicircular defect not recognized on preoperative CT scans. A further drawback, more frequent and serious, is a complication caused by an implant or a screw placed into S1 or S2 foramen. In a cohort of 144 patients [23] , there were 28 adverse events, of which 21 % were neural complications. Mason et al. [16] , in a series of 73 patients, had two cases of immediate postoperative nerve pain, needing urgent re-operation. In a series of 50 cases [21] , three patients with immediate postoperative radicular symptoms, in whom pelvic CT scanning showed implant misplacement, underwent revision surgery. Percutaneous sacroiliac fusion, although not extremely difficult, implies a fairly long learning curve. Surgeons using fluoroscopy need an exhaustive knowledge of the osseous anatomy as seen on fluoroscopic images, but also a good acquaintance of CT anatomy to identify preoperatively the morphology of their patients' sacroiliac region. For those using navigation systems it is important to have an adequate knowledge of the osseous anatomy but, especially, an excellent acquaintance of the CT anatomy of the region because what they see at surgery are CT images to which they must be well accustomed to carry out a rapid and uncomplicated operation.
Conclusions
We first described the presence, on each side of the posterior aspect of the sacrum, of three depressions separated by bone prominences and analyzed the morphometry of the extra-articular portion of the posteroinferior part of the ilium, where the iliac tuberosity is located. When the ilium is connected to sacrum, the iliac tuberosity is in contact with the proximal sacral prominence to which it transfers the load of the upper part of the body. CT study showed that the coronal scan displaying the upper three sacral foramens, on which most studies on degenerative or inflammatory conditions are based, show only the S1 and S3 portions of the SIJ, the S2 portion being visible on the most anterior coronal scans. The joint space width results from both the constitutional characteristics of the subject and the age-related degenerative changes of the cartilage.
Compliance with ethical standards
Ethical standards All studies that we made comply with the current laws of the country in which they were performed.
Conflict of interest
The authors have no conflict of interest to declare.
